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Abstract	9 
 10 
Finite element models of bones can be created by deriving geometry from anx-ray CT scan. 11 
Material properties such as the elastic modulus can then be applied using either a single or set 12 
of homogeneous values, or individual elements can have local values mapped onto them. 13 
Values for the elastic modulus can be derived from the CT density values using an 14 
elasticityversus density relationship. 15 
Many elasticity–density relationships have been reported in the literature for human bone. 16 
However, while ovine in vivo models are common in orthopaedic research, no work has been 17 
done to date on creating FE models of ovine bones. To create these models and apply 18 
relevant material properties, an ovine elasticity-density relationship needs to be determined. 19 
Using fresh frozen ovine tibias the apparent density of regions of interest was determined 20 
from a clinical CT scan. The bones were the sectioned into cuboid samples of cortical bone 21 
from the regions of interest. Ultrasound was used to determine the elastic modulus in each of 22 
three directions – longitudinally, radially and tangentially. Samples then underwent 23 
traditional compression testing in each direction. 24 
The relationships between apparent density and both ultrasound, and compression modulus in 25 
each directionwere determined. Ultrasound testing was found to be a highly repeatable non-26 
destructive method of calculating the elastic modulus, particularly suited to samples of this 27 
size. 28 
The elasticity-density relationships determined in the longitudinal direction were very similar 29 
between the compression and ultrasound data over the density range examined.A clear 30 
difference was seen in the elastic modulus between the longitudinal and transverse directions 31 
of the bone samples, and a transverse elasticity-density relationship is also reported. 32 
 	33 
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Introduction	34 
Finite element (FE) models of bones are often created for use in orthopaedic design and 35 
testing(1–8).  Subject specific models can be generated from CT scans of the bone, by 36 
extracting the geometry and density data.  The density of the bone can then be converted into 37 
anelastic modulus using an elasticity-density relationship.   38 
Much research has been done on relating various forms of density to the elastic modulus for 39 
human trabecular and cortical bone.  From Carter and Hayes’ early work in 1977(9) 40 
continuing through to recent papers by the likes of Cody et al.(10–12), Keyak et al.(13, 14), 41 
Rho et al.(15–17) and Keller et al. (18) many elasticity-density relationships have been 42 
derived. All of which use either the ash density or the apparent density (ρapp) of the bone to 43 
determine the elastic modulus. 44 
To date most orthopaedic FE models have been created for human bones.  A large number of 45 
animal trials for orthopaedic implants however are carried out in sheep.  For this reason an 46 
FE model of an ovine tibia is desirable. FE models can be used synergistically with in vivo 47 
testing. Preliminary parameter analyses conducted in FE models can inform the design of the 48 
in vivo study, creating more focused experiments and reducing the number of animals 49 
needed. Spatz et al. (19) demonstrated through materials testing that the relationships for 50 
human bone are not appropriate for ovine cortical bone, with anelastic modulus of 26-32GPa.  51 
This is much higher than the typical range of human cortical bone values 14-52 
22GPa(14),making it unlikely that any of the elasticity-density relationships previously 53 
published will be entirely appropriate for use in the FE modelling of ovine bones.This 54 
discrepancy in values between human and ovine bone is likely a factor of differing cortical 55 
bone structures.  56 
The density and elastic modulus of samples of ovine bone can be determined through 57 
mechanical testing.  There is much debate in the literature as to the most appropriate methods 58 
for determining this relationship, Helgason et al.(20)reviewed the techniques currently in 59 
useand commented on the need for standardisation and validation.However the suggested 60 
standard size and shape of the sample for instance is not always suitable for all techniques, or 61 
obtainable from all types of bone or species of animal. 62 
Helgason’s suggested methodology is an end-cap compression technique applied to 63 
cylindrical bone specimens with a 2:1 length-diameter ratio.  Deformation can be measured 64 
with the use of a single extensometer attached to the specimen end-cap as used by 65 
Keaveny(21) or using optical methods (22). 66 
An alternative ultrasonic method of determining elastic properties of cortical bone has been 67 
used by Rho (15) among others.  This method can be used to determine the elastic and shear 68 
moduli in each direction of a single sample non-destructively. Parallel surfaces are required 69 
on the sample for this technique to work; a cuboid sample is therefore preferable to the 70 
suggested cylindrical sample as it allows investigation of the properties in three perpendicular 71 
directions. Examining the material properties in longitudinal, radial and tangential directions 72 
opens up the possibility of exploring anisotropic material definitions in FE models. 73 
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This study aims to determine the elasticity-density relationship for ovine cortical bone, by 74 
examining apparent density and two methods of determining the elastic modulus – 75 
compression and ultrasound testing.  Directionality of the elastic modulus will also be 76 
examined with the aim of assessing the appropriateness of using anisotropic material 77 
properties. 78 
Methods	79 
Twenty-eight samples were cut fromtwo tibiae obtained from separate sheep (adult merino 80 
wethers) euthanised in the course of another study,for which approval was obtained from the 81 
QUTAnimal Ethics Committee (approval no 1100000621).  The samples were cleaned of soft 82 
tissue and scanned in a clinical CT scanner (Brilliance 64, Philips, Netherlands), (120kVp, 83 
29μA,0.3145 x 0.3145 x 0.67mm voxels, 512x512 matrix)with the inclusion of a European 84 
forearm Phantom(QRM, Moehrendorf, Germany).  Samples were stored frozen in PBS 85 
between stages and allowed to thaw in PBS at room temperature prior to testing.  86 
Each tibia was sectioned into cuboid samples using a precision saw with a diamond blade 87 
(ISOMET 5000, Buehler, Lake Bluff, Ill, USA), with care taken to ensure perpendicular 88 
surfaces were created. Samples were cut from anterior, posterior, medial and lateral regions 89 
of the bone and from proximal, central and distal regions of the diaphysis (Figure 1).  Each 90 
sample was cut to be the largest possible at that location in the anterior, posterior, medial and 91 
lateral directions, as determined by the geometry and cortical thickness of the bone. The 92 
longitudinal direction was limited to 5mm maximum length. 93 
Measurement of the location and size of each sample were carefully recorded for comparison 94 
with the CT data.  Samples were labelled upon collection to allow identification of 95 
longitudinal, radial and tangential directions. 96 
The apparent density of the samples was determined from the CT data using a custom 97 
MATLAB (The MathWorks Inc. Natick, MA, USA) algorithm, and the measurements 98 
recorded during sectioning.In MATLAB the Hounsfield Unit (HU) value was obtained for all 99 
voxels included in a sample. CT data from the scanning phantom was used to convert the HU 100 
values to an apparent density (ρApp) using a regression equation calculated for each scan, and 101 
the mean value determined. 102 
The velocity of ultrasound waves passing through a sample are related to the elastic modulus 103 
of the material. Each sample was placed between an ultrasound transmitter (using a central 104 
frequency of 5MHz) and receiver in a tank of water at 22°C, each sample was analysed in 105 
three directions – longitudinally, radially and tangentially; with each measurement repeated 106 
five times.  Due to the comparative size of the ultrasound wavelength and the sample 107 
dimensions (1.09 – 4.94 mm), bulk longitudinal wave propagationoccurs. The relevant 108 
equation is therefore:ϑ2.ρ = (K+ 4/3G)where:ϑ the ultrasound velocity through the sample, ρ 109 
the apparent density of the sample from CT, K is the bulk modulus and G the shear modulus. 110 
The bulk and shear modulus were then converted to an elastic modulus using the material 111 
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property conversion equations E = 2G(1+v) and E = 3K(1-2v) where v is the Poisson’s ratio, 112 
assumed to be v =0.3(6). 113 
The velocity of ultrasound wave propagation in the samplewas calculated from the emitted 114 
ultrasound velocity and the measured transit time difference between the received signal with 115 
no sample present (i.e. through water) and with the sample in place, by solving the created 116 
simultaneous equations for: ϑ = V0/(1-dt.V0/d) where V0 is the temperature dependent water 117 
velocity, dt is the transit time difference, and d is the sample thickness; with, and without the 118 
sample in position. 119 
Compression testing of the samples was conducted to determine the elastic modulus. The 120 
samples were positioned on compression platens in an Instron 5567 testing machine (Instron, 121 
Norwood, MA, USA). Testing was done cyclically, with 5 cycles to 500N at 10 N/sec. Pilot 122 
testing had shown a load of 500N to be within the elastic deformation range of the bone. The 123 
last cycle was then used for analysis. Samples were tested in each of the three directions. The 124 
compliance of the set up was tested and subtracted from the results. A stress-strain plot was 125 
calculated from the sample dimensions and the recorded load and deformation data recorded 126 
by the Instron. The elastic modulus was calculated as the slope of the linear portion of this 127 
curve. 128 
Results	129 
Results are presented as mean(standard deviation). Significance was calculated using paired 130 
t-tests. 131 
The samples measured 4.51(0.26) mm, 2.94(0.41) mm and 1.98(0.43) mm in the longitudinal, 132 
tangential and radial directions respectively.A paired t-test showed no significant difference 133 
in the sample size between sample levels, though the difference between directions was 134 
highly significant in all directions (p<0.0001).The ratio of height to cross-sectional area was 135 
also examined, longitudinally this varied from 0.46 – 1.66, mean 0.84(0.29).  136 
Calculated density values were 1.24 – 1.71 g/cm3. A significant difference was seen in the 137 
apparent density data between the proximal most slice and the central (p<0.05) and distal 138 
slices (p<0.01). A difference could also be seen relative to the location of the samples, with 139 
those from the lateral aspect of the bone having a significantly higher density than in any 140 
other location (p< 0.05). 141 
At the compressive load limit strains of 0.2% to 0.8% were reached in all but three of the 142 
samples. High strains (1.0%, 1.1% and 1.3%) were observed in the radial direction resulting 143 
in a lower elastic modulus in this direction. These samples were not significantly different 144 
from the others in any other parameter (size, density etc.). 145 
The elastic modulus of the samples was determined in each of three directions by ultrasound 146 
testing and by compression testing. Combining all three directions gives the following 147 
relationship (Equation 1) as shown in Figure 2 with 95% confidence bounds. 148 
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Equation 1. EUltrasoundൌ	0.53	*	ECompression൅	8.39	 	 ሺr2	ൌ	0.60ሻ	149 
While this relationship appears to show a large difference between the elastic modulus 150 
calculated from each process (coefficient 0.53), this relationship is generated from a 151 
combination of the data from all three directions and shows a large spread particularly in the 152 
radial and tangential compression data. A Bland-Altmann test showed a mean difference of 153 
1.33GPa with a standard deviation of 4.12GPa. 154 
When each of the three directions are plotted against their respective density values the 155 
distinct difference between longitudinal and transverse directions can be seen (Figure 3). 156 
There is however no significant difference seen between the radial and tangential directions 157 
(p=ns).The ultrasound testing was used in this plot as it showed a high degree of repeatability 158 
with a coefficient of variation less than 1% for all samples. 159 
Comparison of each of the longitudinal data sets (compression and ultrasound) against the 160 
density data however, yields relationships which are very similar over the density region of 161 
interest (Figure 4,Equations 2 and 3). 162 
Equation 2. EUltrasound	ൌ	12.35	*	ρapp1.32	 	 	 ሺr2	ൌ	0.55ሻ 163 
Equation 3. ECompression	ൌ	13.86	*	ρapp1.06	 	 	 ሺr2	ൌ	0.15ሻ	164 
The power law form for the relationships was chosen to match the form used by Keyak et al. 165 
(13) as this was the closest of the human relationships in this density region. 166 
When compared with the relationships reported in the literature for human bone elasticity-167 
density relationships, the ovine longitudinal data falls into a gap that is not well represented 168 
by any of the existing relationships (Figure 5). 169 
As was noted earlier a significant difference was seen in the elastic modulus between the 170 
longitudinal and transverse directions, thus a separate relationship may be warranted for use 171 
in FE models considering ananisotropic material property assignment. Using the ultrasound 172 
radial data produced the best curve fit for the data (Equation 4). 173 
Equation 4. ETransverse	ൌ	9.13	*	ρapp0.90	 	 	 ሺr2	ൌ	0.34ሻ	174 
Discussion 175 
In this study, the density of ovine cortical bone samples were determined from CT and the 176 
elastic modulus of samples were determined in three orthogonal directions by compression 177 
testing and ultrasound testing. 178 
The curvature of the bones, particularly in the proximal region led to the creation of samples 179 
with very small edge lengths. These samples could not be excluded from further analysis 180 
however as they represented the lowest portion of the density range. The unavoidably small 181 
nature of these samples may have contributed to the large scatter of data under compression 182 
testing. Helgason et al. (20) suggested a ratio of 2:1 length to diameter, converting the cross-183 
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sectional area to an effective diameter for comparison gives a ratio of 2.65(0.90) 184 
longitudinally. This ratio drops in the tangential direction (1.08(0.26)) and then drops even 185 
further radially to only 0.48(0.13) – almost the opposite of the desired ratio. Deviation from 186 
the desired slenderness ratio would affect potential failure mechanisms of the sample. 187 
However, it was not possible to manufacture samples of the desired slenderness ratio from 188 
the cortical bone. This is a potential limitation of the study. 189 
The bones, from which the samples were cut, were obtained from skeletally mature merino 190 
wethers. The small number of samples is a limitation, and the addition of further samples to 191 
this data set is desirable. The samples used had longitudinal elastic moduli in the range of 15-192 
25 GPa, this is somewhat lower than the range given by Spatz et al. (19) of 26-32 GPa, and 193 
closer to the range cited for human bone 14-22GPa(14). It is interesting to note however in 194 
Figure 5the difference in density values for the ovine bone in this elasticity region (1.2-1.7 195 
g/cm3) as compared to the human literature relationships which suggest both lower densities 196 
(Keyak (14) 1-1.3 g/cm3(Ash density, = 0.9-1.2 g/cm3 apparent density)) and higher (1.4-2.0 197 
g/cm3 (apparent density) (9)). It is possible that the inclusion of bones from additional 198 
animals will shift the determined modulus towards Spatz et al.’s range. However, this 199 
discrepancy is potentially also simply a factor of breed and age of animals. 200 
In order to calculate the elastic modulus from the ultrasound data, material property 201 
conversion equations were used. These equations require a Poisson’s ratio for the material. A 202 
value of v = 0.3 was chosen. This is a value commonly used for cortical bone and is within 203 
the range (0.27-0.45) reported in the literature (23). Using higher or lower values than this 204 
will affect the offset of the calculated elastic modulus, with a higher Poisson’s ratio 205 
decreasing the calculated elastic modulus and vice versa.  206 
The ultrasound based elastic modulus was calculated from the CT derived apparent density of 207 
the samples. This technique has a number of inherent errors the magnitudes of which are 208 
unknown. The intent of the derived relationships however are for use in creating FE models 209 
of bones, for which the raw data on geometry and density will come from clinical CT scans. 210 
The elastic modulus from the compression testing was derived from the linear portion of the 211 
stress-strain data captured by the mechanical testing machine. It is desirable to independently 212 
measure the strain in the samples undergoing compression. Unfortunately an independent 213 
measurement system capable of being used on sample of such small size was not available 214 
during this testing. The errors in the position and load measurements of the testing machine 215 
have been incorporated in the accuracy of results given. 216 
The linear regression calculated between the ultrasound modulus and the compression 217 
modulus had quite a low coefficient (0.53) and large confidence intervals (0.42-0.64). The 218 
high degree of scatter in the compression testing data is likely responsible in large part for the 219 
large confidence intervals. The inclusion of data from each of the three directions of testing in 220 
this relationship will also contribute to both lowering the coefficient and increasing the 221 
confidence intervals. If the difference between the ultrasound and compression modulus is 222 
examined pairwise in all directions the mean difference is 1.33GPa, with a standard deviation 223 
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of 4.12GPa, in the longitudinal direction alone however this drops to 0.21 (3.41) GPa. So 224 
while the 0.53 coefficient suggests a systematic difference between the two methods, the 225 
paired differences suggest that the difference is random rather than systematic. 226 
The comparative similarity between the ultrasound and compression relationships also 227 
suggests a random difference rather than a systematic difference between the test methods. 228 
As the coefficient of variation of the ultrasound testing was less than 1%, the larger portion of 229 
this variation can likely be attributed to the compression testing. Again this is reflected in the 230 
residuals of the elasticity-density relationships, in which the ultrasound data has a much 231 
greater conformation to the suggested relationship than the compression. 232 
When the longitudinal data is examined with respect to density from both the ultrasound and 233 
compression test the relationship described is essentially the same over the density region. 234 
This is particularly evident when compared to the literature human relationships. The 235 
reported human relationships show enormous variability over typical cortical bone density 236 
ranges. Of the reported human relationships, two use femoral samples and two tibial, the two 237 
femoral samples however, are the relationships which result in both the highest and lowest 238 
calculated value of elastic modulus, with the tibial studies in between. So while differences 239 
have been reported in the elasticity-density relationship for different anatomical sites (16), 240 
these differences are not consistent across the literature. Care must therefore be taken when 241 
using any of these relationships (either human or animal) as the resulting elastic modulus will 242 
vary greatly depending on which relationship is selected. Resulting FE models will need to be 243 
carefully validated. The form of the elasticity-density relationships was chosen to be a power 244 
law as this was the form used by Keyak (13) which was the published human relationship 245 
closest to the density and elastic modulus range of the ovine bone. 246 
Conclusion 247 
Two methods of measuring the elastic modulus were used to assess the samples in three 248 
orthogonal directions.  The ultrasound data was found to be highly repeatable and showed 249 
less scatter than the compression data. 250 
The elasticity-density relationships determined in the longitudinal direction were similar 251 
between the compression and ultrasound data. The range of density values included in the 252 
study was quite small compared to the possible range of values. For this reason the 253 
relationships determined are only applicable to this small range, extrapolation of the curves 254 
into other density regions would be questionable. 255 
A clear difference was seen in the elastic modulus between the longitudinal and transverse 256 
directions of the bone samples. Were these elasticity – density relationships to be 257 
incorporated into an FE model of the bone it would be worth while investigating the effects 258 
of applying anisotropic properties using the longitudinal and transverse relationships. 259 
For an isotropic model or general use the equation determined from the ultrasound 260 
dataEUltrasound	ൌ	12.35	*	ρapp1.32, is recommended over the range of density values tested. 261 
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Figure	Captions	329 
 330 
Figure 1 Bone sections were taken from anterior (A), posterior (P), medial (M) and 331 
lateral (L) aspects of the bone at 25, 50 and 75% of the length. An additional slice 332 
(grey) was also taken from one of the bones as the proximal samples were very 333 
small. 334 
Figure 2 Comparison of calculated elastic modulus from ultrasound and compression 335 
testing. 336 
Figure 3 Data from ultrasound testing in each of the three directions as compared to 337 
the apparent density of each sample 338 
Figure 4 Elasticity – density relationships for the longitudinal data from the 339 
ultrasound and compression testing with power law curve fits 340 
Figure 5 Longitudinal data points with the two curve fits from ultrasound and 341 
compression testing shown as solid lines. The broken lines indicate select 342 
relationships published in the literature for human cortical bone 343 
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Results
y = mx + c
95% Prediction Bounds
f(x) = p1*x + p2
Coefficients (with 95% confidence bounds):
   p1 =      0.5283  (0.4183, 0.6384)
   p2 =       8.389  (6.598, 10.18)
   R2 = 0.6
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Ultrasound
Compression
Compression Power Fit
Ultrasound Power Fit
Ultrasound Power Fit:
F(x) = a*xb
Coefficients (with 95% confidence bounds):
a =       12.35  (9.51, 15.2)
b =        1.32  (0.7895, 1.85)
R2 = 0.55
Compression Power Fit:
F(x) = a*xb
Coefficients (with 95% confidence bounds):
a = 13.86 (4.53, 23.19)
b = 1.063 (-0.5117, 2.638)
R2 = 0.15
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